Slit2 locus in mice with a targeted mutation for this gene missure, which was displaced dorsally. This defect is most prominent at levels caudal to the hippocampal (Plump et al., 2001 ) to establish the identity of the Slit2-expressing cells in the preoptic area and hypothalamus. commissure ( Figure 2E ). In addition, analysis of sections stained with antibodies against calretinin (n ϭ 4) reTo this end, we performed double immunofluorescence for GFP and the radial glial markers nestin or vimentin vealed that numerous unstained fibers aberrantly leave the internal capsule at more caudal levels, coursing toin Slit2 heterozygous tissue. In the preoptic area and hypothalamus, Slit2 is expressed in radial glia (data not ward the ventral surface of the telencephalon ( Figure  2G and 2H). shown; see supplemental data at http://www.neuron. org/cgi/content/full/33/2/233/DC1), raising the possibilSince Slit1 and Slit2 have distinct patterns of expression in the developing forebrain, we asked whether loss ity that Slit2 protein may be transported laterally by the processes of these glia.
of both Slit1 and Slit2 could result in additional axon guidance defects. As in Slit2 mutants, NF staining demIn summary, the complementary pattern of expression of Robo and Slit genes in the developing forebrain sugonstrated that fibers in the internal capsule of Slit1;Slit2 double mutants run more ventral than normal at E14.5 gests that these molecules may play a role in the guidance of corticofugal and thalamocortical projections, (n ϭ 5 axons grouped in the internal capsule, which transverse the developing striatum while progressing caudally totype mice (n ϭ 3), a few fascicles of cortical axons had reached the internal capsule at E14.5 (Figure 2A) . ward the diencephalon ( Figure 3A ). As expected from NF staining, DiI placements in the cortex of Slit1 mutants Perhaps surprisingly, given the pattern of Slit1 expression, NF staining showed roughly normal axonal path-(n ϭ 4) revealed no prominent defects in corticofugal projections (data not shown). On the other hand, ways in the telencephalon of Slit1 mutant mice (n ϭ 4) at E14.5 (data not shown). In contrast, similar analysis whereas DiI injections in the cortex of Slit2 mutants (n ϭ 6) at E14.5 revealed that cortical projections extend of NF staining in Slit2 mutant mice (n ϭ 6) revealed severe abnormalities in the trajectories of axons within normally to the internal capsule ( Figure 3D ), two major guidance defects were observed as the corticofugal axthe internal capsule. NFϩ axons in the internal capsule of Slit2 mutants were displaced ventrally when comons grew past the internal capsule toward the diencephalon. First, some cortical fibers abnormally approached pared to control littermates, and thick fascicles of NFϩ axons were found in an abnormal position close to the the midline and crossed it at the approximate level of the prospective anterior commissure ( Figure 3D ). Second, ventral surface of the basal telencephalon (Figures 2A  and 2B ). In addition, some NFϩ fibers inappropriately at more caudal telencephalic levels, a large bundle of cortical axons coursed toward the ventral surface to the approached the midline in Slit2 mutants ( Figure 2B and data not shown). To assess whether these defects perbase of the brain ( Figure 3G ). Injections of DiI crystals placed in the parietal cortex of Slit2 mutant mice at sisted at later stages, we analyzed the expression of NF and other axonal markers at E18.5 (n ϭ 5; Slit2 mutants E18.5 (n ϭ 8) revealed even more dramatic defects. As observed at E14.5, many labeled cortical axons aberdie at birth). Immunohistochemistry for NF (data not shown) and calbindin ( Figures 2D and 2E) lateral internal capsule and traveled caudally toward the ponent of the aberrant fibers projected to the ventral surface of the brain ( Figure 4E ). Interestingly, after crossdiencephalon in the cerebral peduncle, or grew dorsally toward the contralateral cortex ( Figures 3E, 3H, and 3I) .
ing the midline, many DiI labeled axons appeared to turn around and return to the midline ( Figure 4D ). DiI Nevertheless, in all cases, some cortical axons were found to leave the telencephalon on both the ipsilateral injections in the cortex also labeled a few axons that did not decussate in the telencephalon and followed and contralateral sides of the brain.
DiI injections into the cortex of Slit1;Slit2 double mutheir normal course toward the diencephalon ( Figure 4E , arrowhead). tants (n ϭ 8) also revealed prominent guidance defects in corticofugal axons within the telencephalon (Figure 4 and data not shown). As in the case of Slit2 mutants, Abnormal Cerebral Peduncle and Corticothalamic Projections in Slit2 and Slit1;Slit2 Mutants cortical axons projected normally to the internal capsule in Slit1;Slit2 double mutants. As predicted from the analDespite the major axon guidance defects observed in the telencephalon, DiI experiments revealed that some ysis of NF staining (Figure 2 ), most cortical axons were subsequently directed toward the midline, which they corticofugal fibers within the internal capsule extended caudally into the diencephalon in both Slit2 and abnormally crossed ( Figure 4C ). However, a small com- Slit1;Slit2 mutant mice (data not shown). Immunohistothe hypothalamus (data not shown). DiI labeling was never seen at levels caudal to the hypothalamus (n ϭ chemistry against NF, however, demonstrated that corticothalamic projections in Slit2 mutants follow a trajec-8), suggesting that all corticospinal axons exited the cerebral peduncle by the level of the hypothalamus. tory more ventral than normal ( Figures 5A, 5B , 5G, and 5H). A similar conclusion was reached from the analysis Analysis of the destination of corticofugal projections in Slit1;Slit2 mutants (n ϭ 3) revealed similar but more of sections stained with antibodies against NPY (wildtype, n ϭ 2; Slit2 mutant, n ϭ 3), a transient marker of dramatic phenotypes than those found in Slit2 mutants. Immunohistochemistry against NF or NPY revealed that a subset of corticothalamic axons ( Figures 5D, 5E , 5G, and 5H). the cortical projections that reached the thalamus followed an unusual caudal and ventral trajectory before The cerebral peduncle in Slit2 mutants was always displaced ventrally when compared to that of wild-type they turned into the dorsal thalamus ( Figures 5C, 5F , and 5I). The small number of fibers exiting the telencephalon mice ( Figures 7A, 7B, 7D , and 7E and data not shown). In some cases, NFϩ axons were observed to leave the precluded analysis of fibers in the cerebral peduncle of these double mutants. cerebral peduncle and abnormally travel ventrally into . Since these glial populations may also constitute a physical barrier that helps to direct the trajectory of corticocortical axons across the corpus callosum, we first examined whether there were any gross abnormalities in their location or organization. GFAP immunohistochemistry at E16.5 (when the corpus callosum is forming) revealed indistinguishable position, size and structure of these glial populations between wildtype and Slit2 mutants (Figures 6A and 6B) , suggesting that their development is not sensitive to the loss of Slit2. To analyze the development of the corpus callosum, we next examined Nissl stained sections. At E18.5, the size of the corpus callosum was severely reduced in Slit2 mutant mice compared to wild-type mice (n ϭ 6; Figures  6C and 6D ). In addition, two large ectopic bundles of fibers were also found at either side of the corpus callosum, resembling Probst bundles ( Figure 6D ). These ectopic bundles were also observed in sections stained with antibodies against NF, which normally labels a subpopulation of axons in the corpus callosum (data not shown). DiI injections in the cortex confirmed these observations. In wild-type mice (n ϭ 4), DiI-labeled cortical axons formed a single bundle that crossed toward the contralateral cortex in the corpus callosum. In their pathway, corticocortical axons avoided the GW or the IG (Figures 6E and 6G) . In contrast, only a few labeled axons were found to cross the midline through the corpus callosum in Slit2 mutant mice (n ϭ 5). Instead, most DiI labeled axons approached the midline but failed to maintain their normal position, traversing the GW and coursing ventrally into Probst bundles (Figures 6F and  6H) . DiI placements in different cortical regions of Slit2 mutants consistently labeled a few fibers crossing the corpus callosum, suggesting that the abnormal corpus callosum contains axons from all cortical regions (data not shown). 
Guidance Defects in Thalamocortical Projections

Slit1;Slit2 (n ϭ 3) mutants resulted in a prominent reducAbnormal Guidance of Ascending Serotonergic and Dopaminergic Fiber Systems in the Forebrain tion in the labeling of somatosensory nuclei in the dorsal of Slit2 and Slit1;Slit2 Mutants thalamus (Figures 7B and 7C). This phenotype is likely
Our previous experiments have demonstrated that a to be due to a reduction in both anterogradely labeled large number of corticofugal and thalamocortical axons fibers (corticothalamic projections) and retrogradely lafail to follow their normal paths in mice lacking Slit probeled cells (thalamocortical projecting neurons), alteins. Interestingly, pathfinding errors are seen in both though limitations in the ability to quantify DiI tracing ascending (i.e., thalamocortical) and descending (i.e., experiments prevent a more definitive analysis of this corticofugal) projections at similar anatomic locations. phenotype.
These observations raised the question whether expresFurther analysis using calretinin immunohistochemission of Slit proteins in these regions might also affect try to label thalamocortical projections from midline thalthe trajectories of other axon tracts, in particular those amic nuclei confirmed and extended these observations whose origins lie outside the forebrain but whose tracts (Figures 2G-2I) . In control mice (n ϭ 3), midline thalamic course longitudinally through forebrain regions. To adnuclei give rise to the inferior thalamic radiation, which dress this question, we focused our analysis on two of carries fibers that reach the cortex through both the the major ascending fiber systems that innervate the external and internal capsules (Figures 2G and 7J) . In forebrain, the serotonergic (5-HT) projections from the Slit2 mutants (n ϭ 4), numerous calretinin positive fibers raphe nuclei and the dopaminergic projections from traveling in the inferior thalamic radiation failed to approthe substantia nigra/ventral tegmental area complex priately enter the telencephalon, and never reached the (Nieuwenhuys, 1985) . To analyze the distribution of cortex ( Figure 2H ). Instead, most of these fibers turned these fiber systems during development, we used antiventrally and caudally to enter the hypothalamus (Figbodies against 5 -HT or against tyrosine hydroxylase ures 7E and 7K), a region normally inhibitory to thalamic (TH), the rate-limiting enzyme for catecholamine syntheaxon outgrowth (Braisted et al., 1999). This defect was sis, which primarily labels dopaminergic fibers. In normal more prominent in Slit1;Slit2 double mutants (n ϭ 4), mice, fibers from both ascending systems coursed where a large number of calretinin-positive fibers project through the medial forebrain bundle, which lies slightly ventrally, directly from the thalamus into the hypothalamedial to the cerebral peduncle. Once in the telencephamus ( Figures 2I, 7F, and 7L) . Further, once in the hypolon, serotonergic and dopaminergic projections remain thalamus, many of these fibers turned medially and aplargely ipsilateral and diverge to innervate multiple subproached the midline ( Figure 7F ). cortical and cortical targets. When compared to control DiI injections in the dorsal thalamus in both Slit2 and mice (n ϭ 5; Figures 8A and 8C and data not shown), both Slit1;Slit2 mutants confirmed that a large number of thal-5-HTϩ and THϩ fibers in the medial forebrain bundle of amocortical projections failed to enter the telencephalon Slit2 mutants (n ϭ 4) were displaced ventrally as they and instead descended into the hypothalamus (data not coursed through the diencephalon (data not shown). In shown). Nevertheless, DiI placement in the dorsal thalaSlit1;Slit2 double mutants (n ϭ 4), the medial forebrain mus of Slit2 mutants demonstrated that some thalbundle was commonly split in two components and nuamocortical projections were directed appropriately tomerous fibers descended ventrally into the hypothalaward the internal capsule and from there into the cortex mus, approaching the midline ( Figure 8D and data not ( Figures 7H and 7K) . DiI injections into the dorsal thalamus shown). Although many 5-HTϩ and THϩ fibers entered of Slit1;Slit2 mutants demonstrated that a large number the telencephalon normally, in Slit1;Slit2 mutants a sigof thalamocortical fibers were also able to reach the telennificant percentage abnormally crossed the midline in cephalon. However, once in the telencephalon, most of the basal telencephalon ( Figure 8B and data not shown). these fibers failed to reach the internal capsule, turning These defects were readily apparent at E14.5, suginstead abruptly toward the midline (Figures 7I and 7L) .
gesting that loss of Slit function affects the development In summary, loss of Slit2 and, more so, Slit1 and Slit2, of the serotonergic and dopaminergic systems as they results in a smaller connection between the thalamus course rostrally into the forebrain ( Figures 8A and 8B and data not shown). and the cortex when compared to the wild-type thalamocortical pathway. In the Slit2 mutant, thalamocortical axons proceed along a more ventral course to enter Discussion the cortex. In Slit1;Slit2 double mutants, axons not only follow a more ventral trajectory, but also travel toward
The cortex makes connections with subcortical regions and the contralateral cortex via the corticofugal and the midline. 
Maintenance of Dorsal Position by Prevention of Axonal Entry into Ventral Regions
Analysis of Slit2 mutant mice revealed striking defects in the position of numerous tracts, which project into ventral regions that they normally avoid. This phenotype is most easily illustrated using the corticospinal tract. suggest that these populations of glial cells direct callosal axons at least in part through chemical repulsion The fact that loss of Slit2 activity is required to uncover a function of Slit1 indicates a hierarchy of action of these provided by Slit2, rather than simply by creating a physical barrier. Slit2 derived from the GW appears to prevent molecules in the guidance of these axons. The simplest explanation for this hierarchy is that Slit2 acts in more callosal axons from entering the septum, whereas Slit2 from the IG may prevent the axons from traveling dorlateral domains and that Slit1 acts more medially. In this model, the role of Slit1 becomes apparent only when sally back into the ipsilateral cortex, instead channeling them across the midline to the contralateral side. Slit2 is lost, thereby allowing axons to approach the region of Slit1 function.
It is interesting to note that callosal axons are a population of contralaterally projecting axons that are sensiOne exception to this rule is provided by an abnormal midline crossing event that occurs in the Thalamocortical and corticothalamic axons also appear to employ Slit in a similar channeling function. As they acting upon the axons, resulting in inappropriate midline crossing. Further studies are required to address these exit or enter the thalamus, these axons are surrounded by Slit1 and Slit2, which appear to force the axons to possibilities. Once these axons cross the midline in Slit2 mutant mice, they do one of three things: join the large make a sharp turn to enter or exit the mantle region of the caudal ganglionic eminence. Furthermore, it is descending fascicle of the contralateral side, enter the opposite internal capsule to travel to the contralateral interesting to note that two other major contralaterally projecting tracts within the forebrain, the anterior comcerebral peduncle, or ascend dorsally into the contralateral cortex. Interestingly, many corticofugal axons that missure and the hippocampal commissure appear grossly normal in Slit2 mutant mice, suggesting that the abnormally cross the midline in Slit1;Slit2 double mutants turn back toward the midline to re-cross it, sugrole of Slit2 in channeling axons does not extend to all major commissural pathways in the forebrain. gesting that some but not all midline repulsion is absent, as is the case in the Drosophila robo mutant.
In summary, analysis of major forebrain tracts in Slit1, Slit2, and Slit1;Slit2 mutants demonstrates that Slit proIn Drosophila, slit mutant embryos display an extreme phenotype where both ipsilateral and commissural axteins play a major role in the guidance of these tracts during development. Additionally, several generalizaons enter the midline and never leave it. This suggests another function for Slit in the Drosophila system: pretions emerge from this analysis. Slits appear to act similarly on distinct axon tracts through repulsion to mainventing axons from lingering at the midline, where attractive cues are likely to be at their highest concentratain dorsal position by the preventing axonal entry into ventral regions, to prevent axonal extension toward and tions. It is interesting to note that many axons that reach the midline of Slit1;Slit2 mice do not remain there, but across the midline, and to channel axons into particular regions. Further analysis will reveal how these cues ininstead readily cross to the contralateral side, suggesting the presence of yet additional molecules that teract with other types of guidance cues, both short and long range, to direct development of the final complex drive axons from the midline in mice. Such molecules might include semaphorins, which have been proposed trajectories of these major forebrain axonal tracts. to prevent midline recrossing in the spinal cord (Zou et al., 2000) . 
